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Abstract 

This thesis investigates freshwater fish's physiological and molecular responses to multiple 

stressors in urban rivers, using a transcriptomic approach to understand the impacts of 

environmental changes, particularly salinization, on fish health. Urbanization contributes to the 

degradation of freshwater ecosystems, leading to altered water quality and the introduction of 

multiple stressors, such as salinity, temperature fluctuations, and pollution. These stressors 

significantly affect fish physiology, particularly in key organs like the gills and liver, which are 

essential for osmoregulation, respiration, and immune response. The thesis harnesses 

transcriptomics, a powerful tool for analyzing gene expression, to provide insights into the 

early molecular responses of fish to environmental stressors. Traditional methods often fail to 

capture the complexity of multiple simultaneous stressors, but transcriptomics allows for the 

detection of specific gene expression changes before they manifest in overt physiological or 

ecological effects. This approach is particularly valuable in understanding how fish maintain 

homeostasis, compensate for environmental challenges, and potentially recover from stress, 

offering a detailed view of species' responses to urban-induced environmental changes. 

The thesis is organized into three chapters, each addressing different aspects of how freshwater 

fish respond to multiple anthropogenic stressors. The first chapter examines the impact of 

varying chloride concentrations on gene expression related to osmoregulation in Gasterosteus 

aculeatus. The second chapter explores tissue-specific molecular responses to extreme salinity 

in invasive hybrid minnows, providing insights into their physiological resilience and potential 

invasiveness. The third chapter investigates the combined effects of multiple stressors, 

including temperature and dissolved oxygen variations, on gene expression in Cottus rhenanus. 

The findings consistently highlight salinity as a critical factor influencing fish health, even 

when other stressors are present. This research underscores the ecological threat posed by 

freshwater salinization and the importance of incorporating transcriptomic data into 

conservation strategies. The thesis contributes to a growing understanding of how urbanization 

and environmental change impact freshwater ecosystems and provides valuable molecular 

biomarkers for assessing the health of fish populations in increasingly urbanized environments. 

Future research directions include integrating transcriptomics with epigenetics to provide a 

more comprehensive understanding of how multiple stressors shape physiological responses 

and adaptability in organisms. This integrative approach can enhance conservation efforts by 

offering early indicators of stress and informing strategies to protect freshwater biodiversity in 

the face of global human-driven change.
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General introduction 

1. Background and rationale 

1.1 Urbanization: Impacts on freshwater ecosystems 

Urbanization is projected to expand significantly, with the United Nations Population Division 

(UNPD) estimating that urban land cover could increase by 1.2 to 1.8 million km² by 2030 

(UNPD, 2019). This rapid urban expansion presents severe challenges to freshwater 

ecosystems, contributing to a phenomenon commonly known as "Urban Stream Syndrome." 

This syndrome encompasses a range of detrimental effects on streams, including altered 

channel morphology, highly variable hydrographs, reduced biotic richness, and elevated levels 

of nutrients and contaminants (McDonald et al., 2019; Walsh et al., 2019). 

Moreover, urban streams are increasingly subjected to nonpoint source pollution and climate 

variability, which introduce complex "chemical cocktails" into aquatic environments, 

functioning as multiple stressors (Kaushal et al., 2018; Schäfer et al., 2023). These stressors 

are major threats to freshwater biodiversity and ecosystem stability, contributing to the decline 

of riverine biodiversity and altering community structures (Barrett et al., 2022). In this context, 

fluctuations in water quality, driven by multiple anthropogenic stressors such as pH, salinity, 

temperature, dissolved oxygen, and pollution, emerge as significant factors influencing the 

distribution and health of fish species (Bernhardt et al., 2020; Menon et al., 2023). 

1.2 The impact of multiple stressors on freshwater fish 

Water quality is a critical factor influencing fish distribution and habitat suitability. Key 

parameters such as temperature, conductivity, dissolved oxygen, and salinity all play 

significant roles. Conductivity, which measures ion concentrations like HCO3−, SO42−, and 

Cl−, tends to be elevated in disturbed catchments, including urban areas where pollution is 

prevalent (Kefford et al., 2023). Hypoxia, or low oxygen levels, is a global water pollution 

issue that exacerbates sublethal effects in fish, including endocrine disruption and oxidative 

stress (Abdel-Tawwab et al., 2019; Pollock et al., 2007; Zhu et al., 2013). As ectotherms, fish 

are particularly susceptible to temperature fluctuations. Chronic increases in temperature can 

compromise their ability to manage other stressors, leading to significant ecological 

consequences (Alfonso et al., 2021). 
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Freshwater salinization, caused by urban runoff and other anthropogenic activities, further 

threatens fish populations by increasing stress levels and mortality rates, which in turn affects 

biodiversity and ecosystem functionality (Cunillera-Montcusí et al., 2022). Fish must expend 

considerable energy on osmoregulation in higher salinity conditions, which impacts their 

growth, development, and respiration. This often leads them to avoid high-salinity areas, 

further disrupting their distribution (Guh et al., 2015; Tseng & Hwang, 2008). Additionally, the 

prevalence of micropollutants—chemicals entering surface waters from wastewater effluents, 

untreated wastewater, urban runoff, and agricultural runoff—poses significant risks to aquatic 

ecosystems. These pollutants can be absorbed by fish, causing notable physiological responses 

and contributing to ecosystem degradation (Kidd et al., 2024; Kumar et al., 2020). 

Fish gills and the liver are crucial organs for oxygen uptake, osmoregulation, temperature 

regulation, detoxification, and immune response. These organs are highly sensitive to 

environmental stressors and serve as key indicators of physiological stress (Escobar-Sierra et 

al., 2024; Escobar-Sierra & Lampert, 2024a, 2024b; Evans et al., 1999; Jeffries et al., 2021). 

The presence of multiple stressors in urban rivers complicates the assessment of their individual 

and combined effects. The complex interactions among these stressors make it challenging to 

evaluate their direct impact on fish physiological responses in real-world conditions (Orr et al., 

2024). 

2. The role of transcriptomics in environmental biology and research gaps 

2.1. An overview of transcriptomics in environmental biology 

Transcriptomics, the comprehensive analysis of RNA transcripts to assess gene expression 

across the entire genome, has revolutionized environmental monitoring by providing deep 

insights into the physiological responses of organisms to environmental stressors. Traditional 

methods for evaluating the impact of environmental changes on aquatic organisms, such as 

endpoint mortality studies, laboratory manipulations, and population-level analyses, often fall 

short of capturing the full complexity of how multiple, simultaneous stressors affect organisms 

in their natural habitats (Jeffries et al., 2021; Semeniuk et al., 2022). Transcriptomics provides 

a sensitive measure of physiological performance, identifying specific molecular pathways and 

physiological processes affected by stressors (Lowe et al., 2017; Wikelski & Cooke, 2006). 

This method is particularly valuable for environmental biology because it enables researchers 

to detect early molecular responses to stress before they manifest in visible physiological 

changes or mortality. By analyzing changes in gene expression, transcriptomics can identify 
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key physiological thresholds, allowing researchers to model species responses to a range of 

environmental conditions and stress gradients (Connon et al., 2018). This capability is crucial 

for understanding how organisms maintain homeostasis, compensate for environmental 

challenges, and recover from stress. For instance, Somero et al. (2016) highlighted the 

importance of distinguishing between compensatory mechanisms that allow organisms to 

survive sublethal stress and those responses that lead to irreversible damage. This approach 

extends traditional ecological and physiological measures, offering a detailed understanding of 

species responses to environmental stressors. 

Furthermore, transcriptomics can enhance both hypothesis-driven research and exploratory 

studies by providing pathway-specific insights that go beyond traditional molecular 

biomarkers. This approach enables the development of molecular and biochemical biomarker 

suites that are tailored to specific functional pathways, offering more precise assessments of 

environmental impact (Lowe et al., 2017). As a result, transcriptomics not only complements 

but also extends the capabilities of traditional ecological and physiological measures, providing 

a more nuanced understanding of species responses to environmental stressors. 

2.2. Transcriptomics in fish conservation physiology and management 

Transcriptomic studies have increasingly revealed the intricate impacts of environmental 

stressors on fish, uncovering how gene expression changes in response to various stress 

gradients. As pointed by Connon et al. (2018) such studies can identify critical inflexion points 

in gene expression, delineating ranges of physiological homeostasis, compensation, and 

potential recovery, as well as predicting disease states or mortality (Figure 1). By integrating 

transcriptomic data with conventional physiological and ecological metrics, researchers can 

bridge molecular mechanisms with ecological outcomes, providing a holistic view of species 

responses. 
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Figure 1. Conceptual transcriptional response patterns across various functional pathways as environmental stress intensifies 

or exposure time increases. Points of inflexion may signal particular adverse effects and functional limits, such as homeostasis 

and compensation (A), possible reversibility and recovery (B), or predictions of disease and potential mortality (C, D, E). The 

dashed black line illustrates a hypothetical sigmoidal relationship between adverse effects on fitness (right-hand y-axis) and 

the severity of environmental stress (Connon et al., 2018). 

Significant research has demonstrated the value of transcriptomics in assessing the effects of 

environmental stressors on fish. For example, transcriptomic analyses have been used to 

elucidate the molecular mechanisms underlying salinity tolerance in fish species. Studies have 

identified key genes and pathways involved in osmoregulation, immune response, and stress 

adaptation, revealing the genetic basis of tolerance mechanisms (Chen et al., 2021; Guo et al., 

2018; Vij et al., 2020). These insights have potential applications in conservation and 

management, as they highlight targets for improving fish resilience to salinity changes. 

Research has also explored how transcriptomics can detect subtle physiological changes that 

may not be evident through traditional measures. For instance, transcriptomic profiling has 

helped identify specific molecular pathways affected by stressors such as temperature 

fluctuations, salinity changes, dissolved oxygen and pollution (Escobar-Sierra et al., 2024; 

Escobar-Sierra & Lampert, 2024a, 2024b; Jeffrey et al., 2023; Komoroske et al., 2016). These 
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studies have expanded our understanding of how fish cope with environmental stressors and 

have provided new biomarkers for assessing stress responses. Despite these advancements, 

there are notable gaps in the current research. Much of the existing transcriptomic research has 

been conducted under controlled laboratory conditions, often using stressor levels that exceed 

those typically encountered in natural environments (Whitehead & Crawford, 2006). This 

limitation restricts the applicability of findings to real-world scenarios where stressor levels 

and interactions are more variable and complex. 

Field studies are essential to address these gaps, as they allow for the observation of gene 

expression patterns in response to a broader range of environmental stressors. Natural 

environments present fluctuating and unpredictable challenges that can offer unique insights 

into how fish adapt to real-world conditions (Rojas-Hernandez et al., 2019). Field-based 

transcriptomic studies can provide a more accurate representation of how environmental 

changes impact fish health and behaviour, leading to more effective conservation strategies. 

Additionally, most transcriptomic studies have focused on a limited number of model species 

and tissues, particularly gills, which are critical for respiration and osmoregulation but 

represent only one aspect of fish physiology (Lin et al., 2020; Zhou et al., 2020). Expanding 

research to include multiple tissues and non-model species would offer a more comprehensive 

understanding of how various stressors affect overall fish physiology. For instance, analyzing 

liver tissue could reveal insights into detoxification processes and metabolic responses, while 

investigating other non-model species could provide broader perspectives on stress adaptation 

and resilience. 

Furthermore, there is a need for de novo transcriptomic studies that generate foundational data 

for species not yet studied extensively. These studies can provide crucial insights into baseline 

gene expression profiles and stress responses, which are essential for developing tailored 

conservation strategies. As more transcriptome profiles are archived and meta-analytical tools 

are developed, the ability to elucidate specific functional response pathways will improve, 

enhancing our understanding of the mechanisms regulating responses to environmental 

changes (Semeniuk et al., 2022). Translating these findings into actionable conservation 

strategies will require effective communication and collaboration between researchers, 

stakeholders, and regulatory agencies. By addressing these gaps and leveraging transcriptomic 

data, researchers can better inform management practices and conservation efforts aimed at 

protecting freshwater biodiversity in increasingly urbanized environments.
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Aims 

The overarching aim of this thesis is to investigate the physiological and molecular responses 

of freshwater fish to multiple stressors in urban rivers, with a focus on understanding the impact 

of salinization and other anthropogenic factors. Using transcriptomic analysis to assess the 

molecular and physiological responses of freshwater fish to various environmental stressors in 

urban rivers. This approach combines field sampling of fish from different sites and conditions 

with advanced gene expression profiling techniques to identify key genes and pathways 

involved in stress responses.  Each chapter addresses specific research questions to elucidate 

these impacts. 

Chapter 1 seeks to determine how varying chloride concentrations along a salinity gradient 

influence gene expression related to osmoregulation in Gasterosteus aculeatus. 

Chapter 2 examines the tissue-specific molecular responses of Phoxinus septimaniae x P. 

dragarum to extreme salinity levels caused by potash mining, aiming to understand how these 

responses affect the fish's physiological resilience. 

Chapter 3 explores how multiple anthropogenic stressors, including variations in temperature, 

salinity, and oxygen levels, impact gene expression and physiological responses in Cottus 

rhenanus across different seasons and sites in an urban river system. 

Through these investigations, the thesis aims to provide a comprehensive understanding of how 

urban-induced stressors affect freshwater fish at both molecular and physiological levels. 
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Summary of chapters 

To address the central research questions, this thesis is organized into three chapters, each 

focusing on specific aspects of how freshwater fish respond to multiple stressors in urban 

rivers. 

Chapter 1: Field Application of De Novo Transcriptomic Analysis to Evaluate the Effects of 

Sublethal Freshwater Salinization on Gasterosteus aculeatus in Urban Streams 

Chapter 1 investigates how varying chloride concentrations along a salinity gradient affect gene 

expression related to osmoregulation in Gasterosteus aculeatus. By sampling fish from 

different salinity levels in the Boye River and conducting de novo transcriptomic analysis, the 

study identifies significant differential gene expression associated with salinity stress. The 

findings reveal key genes and pathways involved in osmoregulation, highlighting the activation 

of ion transport mechanisms in response to sublethal salinity changes. These results underscore 

the need to reconsider current salinity thresholds and demonstrate the utility of transcriptomic 

approaches for monitoring freshwater ecosystems impacted by salinization. 

Chapter 2: Unravelling the Molecular Mechanisms of Fish Physiological Response to 

Freshwater Salinization: A Comparative Multi-Tissue Transcriptomic Study in a River Polluted 

by Potash Mining 

Chapter 2 examines the tissue-specific molecular responses of Phoxinus septimaniae x P. 

dragarum to extreme salinity levels resulting from potash mining in the Llobregat River. The 

study focuses on gene expression in the brain, gills, and liver to understand how these tissues 

adapt to high salinity conditions. The analysis reveals distinct molecular responses in each 

tissue, with a notable impact on osmoregulation, metabolic processes, and immune functions. 

The findings provide insights into the physiological resilience of invasive fish species under 

severe salinity stress and highlight the importance of managing potash mining pollution to 

protect native fish populations and aquatic biodiversity. 

Chapter 3: Navigating the Urban River: Transcriptomic Responses of Freshwater Fish to 

Multiple Anthropogenic Stressors 

Chapter 3 explores how multiple anthropogenic stressors, including variations in temperature, 

salinity, and oxygen levels, affect gene expression and physiological responses in Cottus 

rhenanus in the Emscher River. The study employs transcriptomic analysis to assess how these 
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stressors influence gene expression related to metabolism, osmoregulation, oxidative stress, 

and immune responses across different seasons and sites. The results reveal significant seasonal 

and site-specific variations in gene expression, emphasizing the complex interactions between 

multiple stressors and their cumulative impact on fish health. This research underscores the 

importance of integrating transcriptomic data into conservation strategies to mitigate the effects 

of urban-induced stressors on freshwater species.
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Chapter 1: Field application of de novo transcriptomic analysis to 

evaluate the effects of sublethal freshwater salinization on 

Gasterosteus aculeatus in urban streams 

 

Graphical abstract: 

 

Keywords: Salinity; Transcriptome analysis; Gene ontologies; Gene expression; Fish 

physiology; Chlorides; Ion transport. 

Highlights:  

• Sublethal chloride activates costly osmoregulatory systems. 

• Differential expression of osmoregulation-related genes observed. 

• Ion transport genes key in salinity stress adaptation. 

• Transcriptomics reveal transmembrane transport genes’ response. 

• Study highlights freshwater salinization's molecular impact on fish. 

Link to publication: https://doi.org/10.1371/journal.pone.0298213 

 

https://doi.org/10.1371/journal.pone.0298213
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Chapter 2: Unravelling the molecular mechanisms of fish 

physiological response to freshwater salinization: a comparative 

multi-tissue transcriptomic study in a river polluted by potash 

mining 

 

Graphical abstract: 

 

Keywords: Freshwater salinization; Transcriptomics; Osmoregulation; Fish physiology; 

Minnow; Invasive 

Highlights: 

• Minnows adapt to salt stress, unveiling crucial molecular responses for survival. 

• Transcriptomics reveal salinity stress in gills, liver, and brain pathways. 

• The brain plays a pivotal role in stressor adaptation. 

• Transcriptomic analysis suggests potential strategies in conservation. 

Link to publication: https://doi.org/10.1016/j.envpol.2024.124400 

 

https://doi.org/10.1016/j.envpol.2024.124400
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Chapter 3: Navigating the urban river: transcriptomic responses 

of freshwater fish to multiple anthropogenic stressors 

 

Graphical abstract: 

 

 

Keywords: Pollution; Gene expression; Aquatic Ecosystem; Physiology; Molecular ecology 

Highlights: 

• Higher anthropogenic stress correlates with increased metabolic and immune 

responses. 

• Transcriptomics reveal seasonal variation in fish stress gene expression. 

• Key stressors: high temperature, salinity, low oxygen impact physiology. 

• Candidate genes identified for rapid health assessment of fish. 

• Study highlights transcriptomics' role in conservation of endangered species. 

Link to publication: https://doi.org/10.1101/2024.08.19.608252 

https://doi.org/10.1101/2024.08.19.608252


Chapter 3_________________________________________ 

  

52
 

 

 

 



Chapter 3_________________________________________ 

  

53
 

 



Chapter 3_________________________________________ 

  

54
 

 



Chapter 3_________________________________________ 

  

55
 

 



Chapter 3_________________________________________ 

  

56
 

 



Chapter 3_________________________________________ 

  

57
 

 



Chapter 3_________________________________________ 

  

58
 

 



Chapter 3_________________________________________ 

  

59
 

 



Chapter 3_________________________________________ 

  

60
 

 



Chapter 3_________________________________________ 

  

61
 

 



Chapter 3_________________________________________ 

  

62
 

 



Chapter 3_________________________________________ 

  

63
 

 



Chapter 3_________________________________________ 

  

64
 

 



Chapter 3_________________________________________ 

  

65
 

 



Chapter 3_________________________________________ 

  

66
 

 



Chapter 3_________________________________________ 

  

67
 

 



Chapter 3_________________________________________ 

  

68
 

 



Chapter 3_________________________________________ 

  

69
 

 



Chapter 3_________________________________________ 

  

70
 

 



Chapter 3_________________________________________ 

  

71
 

 



Chapter 3_________________________________________ 

  

72
 

 



Chapter 3_________________________________________ 

  

73
 

 



Chapter 3_________________________________________ 

  

74
 

 



Chapter 3_________________________________________ 

  

75
 

 



Chapter 3_________________________________________ 

  

76
 

 



Chapter 3_________________________________________ 

  

77
 

 



Chapter 3_________________________________________ 

  

78
 

 



Chapter 3_________________________________________ 

  

79
 

 



Chapter 3_________________________________________ 

  

80
 

 



Chapter 3_________________________________________ 

  

81
 

 



Chapter 3_________________________________________ 

  

82
 

 



Chapter 3_________________________________________ 

  

83
 

 



Chapter 3_________________________________________ 

  

84
 

 



Chapter 3_________________________________________ 

  

85
 

 



Chapter 3_________________________________________ 

  

86
 

 



Chapter 3_________________________________________ 

  

87
 

 



Chapter 3_________________________________________ 

  

88
 

 



Chapter 3_________________________________________ 

  

89
 

 



Chapter 3_________________________________________ 

  

90
 

 



Chapter 3_________________________________________ 

  

91
 

 



Chapter 3_________________________________________ 

  

92
 

 



Chapter 3_________________________________________ 

  

93
 

 



Chapter 3_________________________________________ 

  

94
 

 



Chapter 3_________________________________________ 

  

95
 

 



Chapter 3_________________________________________ 

  

96
 

 



Chapter 3_________________________________________ 

  

97
 

 



Chapter 3_________________________________________ 

  

98
 

 



Chapter 3_________________________________________ 

  

99
 

 



Chapter 3_________________________________________ 

  

100
 

 



Chapter 3_________________________________________ 

  

101
 

 



Chapter 3_________________________________________ 

  

102
 

 



Chapter 3_________________________________________ 

  

103
 

 



Chapter 3_________________________________________ 

  

104
 

 



Chapter 3_________________________________________ 

  

105
 

 



Chapter 3_________________________________________ 

  

106
 

 



Chapter 3_________________________________________ 

  

107
 

 



Chapter 3_________________________________________ 

  

108
 

 



Chapter 3_________________________________________ 

  

109
 

 



Chapter 3_________________________________________ 

  

110
 

 



Chapter 3_________________________________________ 

  

111
 

 



Chapter 3_________________________________________ 

  

112
 

 

 



Conclusive summary________________________________ 
 

  

113
 

Conclusive summary and future directions 

1. Conclusive Summary 

This thesis investigates the complex physiological responses of freshwater fish to salinity stress 

and multiple anthropogenic stressors, using a transcriptomic approach across three distinct 

studies. Each chapter contributes to a growing body of knowledge regarding how freshwater 

fish, ranging from the euryhaline Gasterosteus aculeatus to the invasive minnows (Phoxinus 

septimaniae × Phoxinus dragarum) and the sensitive Cottus rhenanus, cope with and adapt to 

changing environmental conditions, particularly in the context of freshwater salinization. 

In the first study, Gasterosteus aculeatus was sampled in stations with subtle variations of 

salinity levels, even those below recognized toxic thresholds. The study revealed that salinity 

changes induce significant gene expression changes, particularly in genes associated with 

osmoregulation. This finding suggests that sublethal chloride concentrations can have a 

profound effect on fish physiology, even in species that are generally considered highly 

adaptable to salinity fluctuations. The transcriptomic analysis highlighted the critical role of 

the transportome (a suite of genes involved in ion transport and homeostasis) in mediating the 

adaptive response to salinity. The identification of key genes involved in these pathways 

provides a foundation for developing molecular biomarkers that can be used to assess the 

impact of sublethal salinity stress in field populations. This research underscores the sensitivity 

of transcriptomic approaches in detecting early physiological changes (sub-lethal) before they 

manifest in more overt, potentially irreversible, health impacts (Connon et al., 2018; Jeffries et 

al., 2021; Komoroske et al., 2016). 

The second study delves into the molecular responses of the invasive hybrid minnows 

(Phoxinus septimaniae × Phoxinus dragarum) in the Llobregat River, an environment heavily 

influenced by anthropogenic activities, including pollution and freshwater salinization. The 

findings reveal that despite the multiple stressors present, the genomic responses in these fish 

were primarily driven by salinity. The study identified tissue-specific responses, particularly in 

the brain, where pathways related to stress, reproduction, growth, immune responses, 

methylation, and neurological development were significantly impacted. The brain’s 

heightened sensitivity to salinity stress highlights the potential long-term effects on cognitive 

functions and behaviour, which could have significant ecological consequences, especially for 

invasive species that may have an advantage under changing environmental conditions. The 
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study suggests that the ability of these minnows to thrive in polluted and saline environments 

could be attributed to their robust osmoregulatory and stress response mechanisms, providing 

insights into the physiological traits that facilitate their invasiveness. The application of 

transcriptomics in this context proves valuable for understanding the underlying mechanisms 

of invasion success and for identifying potential molecular targets for controlling invasive 

species in affected ecosystems (Davidson et al., 2011; Gomes-Silva et al., 2020; Maceda‐Veiga 

et al., 2010). 

The third study expands the scope of investigation by exploring the responses of Cottus 

rhenanus to multiple anthropogenic stressors, including freshwater salinization, low dissolved 

oxygen, and elevated water temperatures, in an urban river system. This study underscores the 

complex interplay of stressors that fish experience in natural settings, particularly in urbanized 

areas where stressors often occur concurrently. The transcriptomic analysis revealed significant 

seasonal variations in gene expression related to key physiological processes such as 

metabolism, oxidative stress, osmoregulation, transport, and immune responses. Importantly, 

freshwater salinization emerged as a consistently influential stressor, significantly affecting the 

expression of genes involved in these critical pathways. This finding aligns with the results 

from the first two studies, reinforcing the conclusion that salinity stress is a pervasive and 

dominant factor affecting fish health, even in the presence of multiple other stressors. The 

research highlights the compounded effects of multiple stressors, which can exacerbate the 

physiological challenges faced by fish, leading to potential declines in population health and 

resilience (Sokolova, 2013; Tort, 2011). The study also emphasizes the utility of 

transcriptomics for monitoring the cumulative impacts of multiple stressors, providing a more 

nuanced understanding of how fish cope with the combined pressures of urbanization and 

environmental change 

Drawing parallels across these three chapters, a consistent pattern emerges: salinity stress 

stands out as a critical factor influencing the physiological health of freshwater fish, regardless 

of the presence of other anthropogenic stressors. While the first two studies focused solely on 

salinity, revealing its profound impact even at sublethal levels, the third study broadened the 

analysis to include multiple stressors, yet still identified salinity as a key driver of physiological 

responses. This consistent finding across different species and environmental contexts 

underscores the importance of addressing freshwater salinization as a major ecological threat, 

particularly in regions where salinity levels are rising due to human activities such as 

agriculture, urban runoff, and industrial discharges. 
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The ecological implications of these findings are significant. Freshwater salinization not only 

affects individual fish health but also has broader consequences for ecosystem dynamics, 

including species interactions, community structure, and ecosystem functions. Salinity stress 

can alter predator-prey relationships, reproductive success, and the overall resilience of aquatic 

communities, potentially leading to shifts in species composition and the loss of biodiversity. 

The research presented in this thesis contributes to a deeper understanding of how freshwater 

ecosystems are impacted by salinity and provides valuable insights for the management and 

conservation of these vital habitats. 

2. Future Directions 

The findings of this thesis pave the way for future research that integrates transcriptomics and 

epigenetics to provide a more comprehensive understanding of how multiple stressors shape 

the physiological responses and adaptability of organisms in changing ecosystems. Traditional 

methods for assessing stressors' effects on organisms, such as endpoint mortality and lab-based 

experiments, often fail to capture the full complexity of natural environments, where multiple 

stressors interact simultaneously. Advances in molecular techniques, particularly 

transcriptomics and epigenetics, offer deeper insights into the physiological responses of 

organisms by evaluating changes in gene expression and epigenetic modifications. 

Transcriptomics has proven effective in identifying the molecular pathways affected by 

multiple stressors and specific genes that respond to environmental challenges. For instance, 

studies have shown that transcriptomic approaches can reveal the activation of stress-related 

pathways in response to sublethal levels of pollutants, providing early-warning indicators of 

ecosystem health (Jeffries et al., 2021; Semeniuk et al., 2022). Future research should focus on 

refining these transcriptomic tools to assess the health of non-model species in real-world 

scenarios. This includes developing rapid screening methods using candidate gene expression 

to monitor the physiological status of wild fish populations exposed to multiple stressors. 

Epigenetics, particularly DNA methylation, offers an additional dimension of insight into how 

organisms respond to environmental stressors. DNA methylation can regulate gene expression 

without altering the underlying nucleotide sequence, providing a mechanism for phenotypic 

plasticity and rapid adaptation. These epigenetic changes can be stable and heritable, making 

them valuable biomarkers for environmental stress (Best et al., 2018; Herrel et al., 2020). 

Integrating epigenetic analysis with transcriptomics will allow researchers to explore the 

interactions between genes, environment, and phenotypes more comprehensively. Such 
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integrative approaches are increasingly used in ecological and evolutionary research to study 

how organisms adapt to changing environments and to identify the long-term effects of 

multiple stressors on organismal physiology (Lamka et al., 2022). 

Specifically, future studies should aim to establish a unifying conceptual framework for 

understanding the physiological response of fish to multiple stressors, similar to the 

Asymmetric Response Concept (ARC) proposed for ecosystem responses (Vos et al., 2023). 

This framework should account for the intensity and duration of stressors, gene expression 

changes, energy expenditure for homeostasis, and recovery trajectories after exposure to 

stressors. By incorporating both transcriptomic and epigenetic data, researchers can gain a 

more holistic understanding of how fish and other aquatic organisms cope with the complex 

stressor interactions that characterize urbanized and industrialized environments. 

Moreover, the application of these molecular techniques should be expanded to other non-

model species and ecosystems. Studies in species such as Cottus spp., which are particularly 

sensitive to anthropogenic stressors, can provide critical insights into the broader impacts of 

environmental change on freshwater biodiversity (Markert et al., 2024). In addition, these 

approaches can be applied to monitor the success of conservation efforts, such as the 

reintroduction of endangered species into restored habitats, by assessing the physiological and 

epigenetic responses of individuals to their new environments. 

In conclusion, the integration of transcriptomics and epigenetics represents a promising 

direction for future research in conservation biology. By advancing our understanding of how 

environmental stressors influence the molecular and physiological responses of organisms, 

these approaches will enhance our ability to protect and manage freshwater ecosystems in the 

face of global environmental change. 
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